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NEW HIGHLY CONDUCTING COORDINATION CO~4POUNDS

D.B. Brown, K. Carneiro , P. Day (Recording Secretary) ,
B. H offman , H.J Keller (Chairman), W .A . L .ittle ,
A.E. Underhill and J.M. Williams

I. Introduction

The past 10—15 years have seen an extensive search in many
laboratories for coordination complexes which exhibit high conduc-
tivity in the solid state. Indeed the chemical systems which have
given us properties illuminating most clearly the basic physics of
the one dimensional state have been of this type . However, until
recently, physical measurements on highly conducting metal coordi-
nation compounds have concentrated on the single inorganic proto-
type one—dimensional (l—D) conductor K2Pt(CN)4 Br0 3~3H2O, KG?,
simply because of a scarcity of other well charqct~rized examples.
This unusual situation was,th retrospect , of great benefit. The
strikingly unusual properties of KCP and related compounds have
been an intellectual attraction , particularly for the physicists
and the challenging problems relating to fluctuations , disorder ,
competing instabilities and broken symmetry have attracted many of
the most distinguished solid state scientists to the field . Their
contributions, although relatively abstract , have played a key role
in building our present understanding of these materials. In
addition the field has served to develop a variety of interdisci-
plinary collaborations, from which each discipline is now benef i t—
ting. In particular , because the field has proved challenging to
synthetic inorganic chemists, it has been possible to screen the
conducting behavior of a sufficiently large number of complexes to
allow one to establish some guidelines which may now be summarized .

II. Basic Considerations

A fundamental requirement for high conductivity in any solid
material. is the attainment of a high intermolecular transfer
integral, t , so we begin by pointing out some ways i~~~~~~ht h a~~~~—< 
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nay be established in coordination complexes. In this type of
compou nds one normally has a metal ton (M) in a posi t iv~ oxid ;A t iun
state (+1 to +4) ,  typ ical ligands (L) being monoat omie (h a l ide  or
oxide ions), diatonic (CN ), or conjugated polyatomic t rom organic
isocyanides through bifunctional aromatics such as pyrazine and
bipyrinildine up to the very large planar ring systems such as por-
phyrin and pttthalocyanines. Contact between the metal centers in
the solid state may come about either by direct overlap or via a
bridging group. To maximize the former, one needs planar complexes
which can be stacked on top of one another or bridging groups which
subtend a sufficiently small MLM—angle. Planar complexes are associ-
ated wèth quite specific d—elet tron configurations , principally low
spin d unless rigid u ganda are employed to force the metal ion
into a planar coordination. Direc t ~Q4 interaction is inherently
desirable because the presence of a brid ging group at once attenuates
the MM transfer Integral by the square of the ML overlap integral.
Where polyatomic bridging Ugarids like pyrazine are concerned , intra-
molecular pz—pv overlap within the conjugated aromatic system is
sufficiently large that electron migration tram one end of the
bridging molecule to the other is not hindered . In this context
lower oxidation states generating greater ML covalency via larger
orbital extension might be a de8irable goal .

A second requirement for high mobility is to lower both the on—
site and inter-site Coulomb repulsion. In the context of metal com-
plexes this is better achieved in partially oxidized “non integral
oxidation state” (t4105) systems than in ones where the electron :
atomic ratio is integral (los) . The NIOS crystals based on coordir.a—
tion compounds which have been studied to date can be broken down
into two classes. On the one hand , there are systems, exemplified
by the tetracyanoplatinite salts, where the transjort properties can
almost completely be understood in terms of carriers confined to a
conducting spine of metal atoms. The coordinated ligands (eg CN ),
although essential for defining the properties of the parent lOS
molecule or ion, play little or no direct part in the charge transport
process. On the other hand there are systems, such as the metallo—
porphyrins and their analogues, in which the carriers are essentially
ligand based; the metal ion acts in a decisive manner to modify the
ligand properties, but in this case the transport process does not
appear to directly involve the metal.

III. Integral Oxidation State Compounds

LOS compounds in which a molecule, or ion , brid ges adjacent
metal centers have rarely been found to exhibit any appreciable con-
ductivity, although substantial magnetic exchange interact ions
between partly occupied localized metal orbitals are frequentl y
observed. When the metal atoms are in direct contact too, high con-
ductivity remains the exception when the oxidation state (electron/
atom ratio) is integral . Examples are the well known metal atom
chain compounds of NI11, Pt1’ and Pt t’ such as the dimethyig lyoximates

j
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and tetracyanides which are excellent insulators at ambient pres~
sure tuough there are indications that they car. be rendered con-
duc ting if a large (100 kbar) applied pressure is used to bring
the metal atoms closer together. On the other hand such compounds
do show very unusual optical properties indicative of a substantial
MM Intc-raction In their excited States. A further example would
be Ir(CO)

3
C1, now though t to be an lOS compound , though qui te a

good conductor at ambient pressure.

Turning to LD compounds in which the electron/atom ratio
varies from one metal ion site to the next , but in which the meta l
ion sites are connected throug h ligand s, trapped valency and
localized electron behavior remains the rule. Compounds like
Pt(N1t3),Cl3 remain insulators at atmospheric  p ressure thoug h they ,
too, ca~i be rendered conducting under pressure . We point out ,
however , tha t in some discre te d imeric mixed valem~e metal com-
plexes with brid gIng groups like pyrazine and N2 the elec trons may
be delocalized between the metal atoms in a manner which , if
extended to an infinite chain , would lead to formation of an energy
band wi th  a f i n ite densi ty  of states at the Fermi surface . Furthe r
synthetic efforts in this direction would be highly desirable.

IV. Non Inteiral Oxidation State Coiv~p lexes , Direct NM Overl~~
From the discussion so far it is clear that high conductivity

is most likely to be found in NIOS compounds. Three primary vari-
ables must be considered in synthesizing materials with directly
Interacting metal centers: the nature of the lOS precursor , the
identity of the oxidant, and the synthetic technique for combining
the two . Because of the geometrical constraints, most new h ighly
conducting materials are likely to derive from the ox ida tion of
square-planar d8 complexes.

Three b~.sic synthetic techniques have been used to generate
NIOS materials. The first , involving crystallization from solu-
tions containing both oxidized and reduced forms of the metal com-
plex, has thus far been successful in only a few cases , most
notably KCP itself. The second , involving electrochemical oxida-
tion of solutions of the lOS precursor, has been remarkably suc-
cessful in generating pure single crystals of a variety of KCP
analogs, but has not been utilized in many other systems. The
third approach , solid state oxidation of appropriately stacked
precursors has rarely produced high quality crystals, but has the
advantage of providing a range of redox potentials for the oxidant
and a variety of geometrical and chemical features which may be
incorporated into the resulting structure. At this point , there
are not sufficient experimental data available to determine the
effects of these variations, and much more experimental effort is
required.

Further , the nature of the ligands . which potential ly provides
the greatest synthetic var iabi l i ty ,  must be examined in the future 



in :~l ~~:cort dctaiL. W~- b~:1j e ae - t h a t  t l~ f o  o . - ; i t i . . ilk ~~~~
I tir~ z~ of 1 1 tad v t  ii at ion requ ire i oven I ~ tyi a . , r rua v
be a relat I :nsh i  p het~ ’c& ~n ‘itu: t iv it”  a i ’~~ su~. U t  p
Lies  as po i ar i ~ a t i  L~~t y .  For i:i~~ta1R:e  w~ La~~~€ t h u  ~~L : i t i 1 i i~~ n t
i n rease in  c o n d u c t i v i ty  upon ~h a r t g I:: ~ an  ~‘:~v~ a :1 i to 10
the p iattuurn ox a l at e s)  to a carbon d on o r  (as  in K t ’  tad I’s .:nti o~’’ .
Second , the  extent of  conj ~~S a t u t n  or ‘J e i o c a t i.~ ’a t  ion f~etwee n a t ( O ~’
of the I igand remote from tnc donor atom t~ u s t  he .a~a i ’  L M L’d in or ~
t h o r o ug h ly . Th i r d , the s n t h c s i s  of m a t er  E a I s  w }hct .t L1 ~~ s~ ~!!i I
cant: i nt e r ch a in  coup l in g ,  e~ t l . & r d i rec t  i v  th r : : u~~h saist it u c i t s on
t he per f r u e t e r  of the. squ a re—p 1~ara r O j o t  i~~s , c ~nd I r~ c t I v  t h r o r *
i n t e r a c t i o n  w i t h  su i t a H e  oxidants , r:’quir. s sv s t e r . a t i r  ~n vn s t i~r - -
t ion . A caveat  shoul a he aJ~ e:1 t t u i ~ i~~an d  variations m ay  bc
r e s t r i c t e d  by a p o s a i b L e  change ~n thu :udu:’t i o:t a e ’ n i s r r r , f ru:
meta l—based to 11 r;a t d — i ’: iaed .

At th i s  po int  it should ht po1:~L ;at  t h n t  in. al l  tPe  t i t e u r t —
t ical t r e a tm e n t s  o~ con u n t i v t t ~ nod Si p~~rco a.~.ti vi tY of Low d irwen —
sional m e t a l s  the  o n — s i t e  i ::l~ :ni~ ;~u t e n t i n ~ U ays an i r i po t  t an t
ro le .  Hi gh conduct  v i t  v car .  b~ ex p e o t u l  ~hcr t h t  ra t ie U / I  i s
small.  I t  is be lieved t h at  U ~nin L ’e reduced hv  ~u r r o u n a i n g  the
conduct ive  ~ie t aJ  sp ine I v  a : ‘ ~ n r i ~~*n1e r o i c :  ac  en v i r o n m e n t .
This r equires  bu lky  .1 i .~od-~ , wi t lob n or  m a I  Iv  u c u i n  u i’: a in a con-
juga ted  car l ’u ;r  s r t r n t u r c . ~:i t~ umo : rni s r . ’a~~a iainu . such  l i g a n d s
the  MM sr ’ ic i n c  c i t  I an  ~~1t ’ r th o F t  ~~ . .‘“ A . ‘at i : d r n f l t  ques-
t i on , then , is whether . ‘r, t f i . a i i L m e t a l ]  i c  ondu~~t i t  ra n occur at
such lar ~ t :~!1 sp:a LtL . .U . t V  p r c d t c t . :  t ’ c t t  i t  t~ ‘ i t  :ii i~; h a s
yet to be confi rn.e 1 ~: , e x o o r i r n i  0 1 .  I f  ~~~~~. .1 ~~:ad t ’ tivo u d i a v j L ’r can
occur w i t h  ~r uc I 5n1~t v  I. ~~ rd s  i t  wou } : p r c v i c i c  t h e  a. . at EVE- for
th e  s t udy  or a r i  a -‘a rc~’t v  ( ‘ t  n€’W coinno i r t in  w i t h  a I n1~~E m oat : of
p h ysical p m n :p e r t i e s .  rh~~se ~.. r a i~~~u ; s  i ;er,t t i - s  ar i i  I n s t r o t e t i
b y the r ecent  th ye orr ’:rt l t h e  chem istr ; and p h y n  i s of t u e  .~IP
analogues .

As ou t l i r n ~~ in some of thi paper s  presented at tal s I n s t  it u t e
there  has heen a great  a d v an c e  in the  r :c. rI w~~I I naracterized
mater ia ls , In p a r t  i C uj a t  the  ~‘i p u r a t  ton u:  t h e  :n~ I j o l t ’ ;  Irona
t c t racyanop l a tt n i i i a s  Rb~~P t ( C N )~~ ’iiF 0 ~ 

and ~s~.Pt ~ ’il ~~~ t i~ d~
-
~1 ~~~

—

pounds e x h i b i t i n g  a nucF~ wi ~~ range  o f  a t  I : a in T ~ea t i t a n
possible a f e w  year .~ ago . T1Lt S very iini ch Inc r e a c 1  range ~~ :i’ -

pounds has shown the  i ortarnce of:

E) the P t—Pt  i n i t r i r h a i n  s ep a r a t  [cn n on t he  va lue  r f  the In: r a i hu i n
co n d u c t i v i t y  at r c c r t  t e m p e r a t n i e ,
( i i )  h y drogen k: : :dlng between th e  cha ir s  on the  t h r ee  d i m e n s t c . n i ~
ordering tempe rature , and
(iii) the size of the nvdrated or anyhdrous o a t  ion on t h e  L o t  r . i —
chain Pt—Pt separation . Thus there flow ex~ rts the p~~t c n t i a l  ~or
the directed svn thesis of new (onrpour.ds in rho KCP at  r I es in ~ h c
short intrachain Pt—Pt separations ar.’ c enr l ’ine d w :~ enoa c’~d i ’ r t  - c —
chain i.;ue r a c t i n .

—-~~~~~~ -~~~~~~~~~~~~ .~~~~~~~~~~~~~~ 
,
~~~~~~~~~~~~~~~~~~~~~ - . - . . _ _
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l’he anhydrous n a t c I o  of scru i~’ o L o s e  m e w  p~ 
ads Ii ,

removed tiranv o~ the exper~ rncncat d i f fict ~ t tea as~~~ciatec1 w i t h  t de
study of h y d r ; t t c d ’ KCP . I t  ‘h c i n d ho strisu , :1 that :dat u t e r i

In be fairly suall chem ical an~~~ t ; c - : ~ ~:. r i - s  of - n:n:r c iir h~
do produce ver” si gnific ant ch an g e s  ~n t O e  ph -; ’~ cat pre~cer t ~eo
and th~ very  close I . ’ control led churn I Hcri c ’r,  gj th tra m c  iso—
structural series of compounds has p :ov i d pari i iar~ v va]a~ibI c
in understanding the effects of structural changes co t Ic elec tric’al
nunduc t  ivitv.

Turning to other  NH) S compounds el L h e  p L a t  i oun  graup, work
on the oxalato  p la t i n it e s  should  be al r : ed  at the charooterizat ion
of compounds w i t h  a wide range of c an t o n s , and  an a i r e r n D t s  ti: pre-
pare anhy drous compounds. In the case of t he  p a r t i a l l y o x i d i z e d
iridium carbonv) compounds the ma in r e s t r i c t i o n  a t  p r e sent  is th e
lack of single crystals for detailed phys ical stud y. Indeed i n
al l  t h i s  area of work the growth of gaol c:ua~~ity  crystals I s  t
necessary p r e r equ i s i t e .

Although most of the hIghly conuuc :Lng coo rdina t i on  compoun ds
which have been thoroughly characterIzed an of t h e  KCP type ,
several new types of h ighly  co~ du c t t n g  comple x  h ave~ been r e p o r t e d
at this meeting. It is probable that many more such comp lexes i -mm
be prepared if proper combinations oi the experimen tal parameters ,
descr ibed above , are selected. It is clear that a vast am ount of
synthetic effort is required in order t n  fu l fi ll the potential of
th i s  area.
V. Non.irrtegral Ox idation S tat e  Cornp l E , ~es: D ir ~~~c ;.L Ove rlap

Truly conductive NIOS systents witI . iga::d -Ir a sc-a transport pro-
perties have only recently been coaracterirr-d . ~a-:Iine oxidation
of ML comp lexes , where I~ are the ii ~rj’hi u -nj .gat”d pnrp hyr i,ns ( P ) ,
t e t r a b e n z p o r p h y ri n  (T3P) and pht . n l i : v . r. i a e m .  ~~‘c ,  yI~r d s  h igh l y
conductive t41OS crystals w~cii:h experhi.tat sh vn t o  have li~ artJ—
centered earrier5 . Preliminary studIes ~n.l i a t e  t h a t  t O t  t r a n s p o r t
properties depend on the ligand ci ~ :cu:1c str .etc’ es (MTBP vs MPc),
on the intrachain separation (Mt III’ vs t-l - t o ’t~trnc thyI l~~) )  and oct
the ligand size (~1TBP vs Mfl. in a t i r t i c a , oct ccl- neLa1~~. hut
other , including dc (eg, Mg) l o t -i:: g i ve c - . m d ; a m ’ ; o  svs :c ’ :r t s .  Final ly
in one case crystals with two w [do l v  d i  f to — eat do~~re e ~ of partial
oxidation have been obtalnt.c. , and t I c - t- i’:-:istS :ht :assibilities
of invest1 gatin~r the o nmi uctiv ir ’ I- : a range t1  stcichiometries.

Compar ie,~ the results to date for t°c meta — and ligand—based
conduc t ing coordination compounds highH~zn:s core o~ E rie most. excit—
tn~ prospects provided by this fie d. The systematic variation of
metal and li gond should permit an e~ plorattori ut the nature of the
dependence of crystal properties on these and e het molecular fea-
tures. Moreover , we might ha pe La f i n d  SY C ICOI S whi ch span the
spec trim between the extremes of metal- and Il gand—docu lnated trans-
port. K ,Ni(DTO)21 (DTO dlthlooxala te) na;c b. :- : ‘lt i Sy S t e T h .  

- — - -~~~~~~~~ ~~~- - - --~~~- - . - . - - -  ~~~~~~- - -~~~~~~~~~ - -
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I lte o c c u r r en c e  ci t r : a te r~~a~~s w t t h  ~ ~~~ l y &u.c~~t u .  .od pL~’sical
proper t ies  t a g  st i t nu la t ed  h i t  eo~~e sr ULI i~ a , Ira ~~ it- n t h e  an  6 )  C S

society t Large has pro fi t t e d  g eatl y. ‘the i r n a c t  ut high L’~~ O t t —

d uc t i n g  c o o r d i n a t i o n  compounds has ‘c.~eri luit in ~:e~’. r a l  -t reas such

as one—dimensiona l ph enomena , el ec t r a  ~~l c c t r o r .  co - .p I i r.g, p inn ing
e f f e c t s  and s u p e r c o n d u c t i v i t y .  R e s u l t s  oh i a i  -~~ 1 t om:. - tu c h s tu d i e s
are now providing ~n rI d e1 ines for t u t u r ~ p r e p a r a t iv e  -w o r k .

One of the grearest acm v ai~ces in golid s at.: ~y s i c ’_. unta.ncr ~
ove r t h e  last few decade s  i s  our  u n d e r s t an d i n g  of the uriversa l
behavior of phase t r a ns i t i o n s .  C r 1 1 1- a l  I ~uctu~ LIous , i .e. pre-
cursor e f f e c t s  o c c u r r i n g  close  ~o a chase t r n sfor- ’,n t ion , a pp e ar
to be governed hs- only a few param eters , ni cli is  the type of inLer—
action and the symmetry of the chesical rt rn :tn re. However , as
the dirnenslonality is lowered criti cal tl a c tu~ tions be:one increas-
ing ly important , and hence the extremne one—dlser.siaraa~ character
of the  conduc t ion  in these compounds has offcr~ i unusually
stringent tests of the theory of cr ir I al c ene end . A loe , spa i —
f i c  to the  ph ysics  of o~ e dimensiona l SYsLera is the  oc cur r e n c e  of
pers is tent  s o l i t a r y  waves mis opposed I -rd ~ r o-try haticon ic wave
propagation , and studies , mentioned at this Tnstitate , are provid—
ins a opportunity to confron t theory and ~x~ erirren t.

The coup I.th~ h u t ~~een e ’e c tr o n S  in c odensed :r:atter has beer
at issue for many years. and It is now known that the KCP type
crystals exemp lif y a variety of cases of electron—phonon coup ling
in the conducting chain , and .lcnuinan t Couionb repulsion between
chains. This leads to a metal—setniconductor phase tr amiritien wita
the appearance of an e~ ectron ic charge density wavio at low tempera-
ture. -

Pinn ing effects also have recently attracted ocrisiderable
theoretica l a t t en t ion . In one dimensional systems , pinning may
arise either from disorder or f ram so called commenrm urability
ef fec t s .  Since compounds exhibiting both commensurate and incom-
mensurate charge density waves in disordered materials have now
been prepared , the similarity between experimental results on the
two classes indicates that disorder effects dominati- . Furthermore .
recent studies in ordered SystemS show that dramatic changes occur
in the electronic behavior when disorder is removed . The occurrence
of Cs [Pt(CN) 4 ](FHF ) , w i t h  v a r iab l e  x , w i l l  in t he  f u t u t e  he a key
to the understanding o~ these erfects.

One of the great cha 1 lent~es to the experimentalist has been
the theore tical pred ictions that such compounds might show super—
conduct ivity at high temperatures. rher.-’ are ~n our Vi.-w two ways
in wh ich supe rcond uc t iv it y m ight occur in ~tP— typ c msiterials. toe
would be to adjust the electronic interchain coup lirtg sach rhot a
semimetall-I c , rather than serniconducting phase w ralc p r ev a i l  to



7

tempera ture  at which  t he  s u p e r c o nd u c t i vit y  could  o c c u r .  The othe r
way of producing superconductivity would b~ to change  the  li gan d
so as to obtain an eLectron—exciton coupling, but this would
require an increase in the intracha in Pt—Pt distance to accommodate
the bulky ligands required for such exciton coupling. At present
all kn- -wn compounds with such large MM distance ore insulators.
However , experience gained from comparison of oxalato— arid cyano-
platinites shows that the critical distance for direct overlap
metallic conduction depends upon the ligand , and therefore it can-
not be ruled ou t tha t the li gands , necessary f or the suppor t of
electron exciton coupling would preclude the metallic state.

VII .  Conclus ion

In conclusion we wish to remark on what we believe to be a
major obstacle to further ?rogress in this field. Despite the
generalizations we have been able to make above, synthesis of coor-
dination compounds with interesting collective properties remains
basically a serendipitous activity. Amp le expertise for prepara-
tion of new compounds exists within the chemical community, but is
not being fully utilized in this field , since h i s t o r i c a l ly ,  pre-
parative coordination chemists have concentrated their efforts on
compounds of interest for their reactivity or local electronic pro-
per ties , rather than on design ing mol ecu les whi ch in terac t wi th on e
another in a crystal to produce novel collective states. We believe
that efforts should be made to attract a wider cross—section of
preparative inorganic chemists to this new science of low d imensional
collective phenomena.

- -  -
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